Radiative decay rates are obtained for the first time for allowed (E1) and forbidden (M1, E2) transitions in trebly ionized tungsten (W IV). Our calculations, motivated by strong interest for low-density plasmas and fusion research, illustrate in a convincing way the importance of core-valence correlation effects which substantially increase the lifetimes and, accordingly, decrease the transition probabilities of this heavy ion. Due to the lack of experimental data for W IV, the reliability of the theoretical 'f' values can only be tested by comparison of numerical results obtained with two independent (i.e. multiconfiguration Dirac-Fock and relativistic Hartree-Fock with core-polarization effects (HFR+CPOL)) methods well suited for investigating the atomic structure of heavy ions.
Introduction
Atomic data for tungsten ions are of crucial importance in plasma physics in particular in relation with the development of future thermonuclear fusion reactors in which this element will be used as a plasma-facing material (see, e.g., Lipschultz et al 2001 , Federici et al 2001 , Neu et al 2005 , Pospieszczyk 2006 , Skinner 2008 ). In fusion reactors, tungsten will be sputtered from the wall as a neutral element and the determination of the W influx rate to the core plasma will depend on a calculation of transport from the wall surface through the scrape-off layer. In that context, the identification of emission lines from all ionization stages of tungsten, including the lowest ones and thus W IV, will greatly aid modelling of the plasma edge and scrape-off layer transport and facilitate the analysis of net tungsten influx rates.
In highly charged tungsten ions, the bulk of lines emitted by hot plasmas can hardly be disentangled and their analysis generally requires global methods (e.g. UTA approaches), while, in lowly or moderately charged ions, the analysis of the individual lines is relevant in spite of the density of the lines and of the complexity of the spectra. A line-by-line analysis of the spectrum emitted by the W 3+ ion, and also by the neighbouring ions, is thus in order and further justifies this work.
So far, no radiative decay rates are available for W IV lines and the analysis of the term system of this ion is still very fragmentary. The ground configuration of W IV is 5d 3 with 4 F 3/2 as the lowest level. The first excited configurations are 5d 2 6s, 5d6s 2 , 5d 2 6p and 5d6s6p. All experimentally known energy levels are reported in the compilation of Kramida and Shirai (2009) , which is essentially based on the investigations by Iglesias et al (1985) who analysed the W IV spectrum in the region of 60-260 nm using a sliding-spark discharge. These authors identified a total of 774 lines and determined all the 37 levels of the 5d 3 , 5d 2 6s and 5d6s 2 even configurations and all the 68 levels of the 5d 2 6p and 5d6s6p odd configurations. We propose, in this paper, a first set of radiative parameters for W IV. This work is an extension of similar investigations carried out recently in W I (Quinet et al 2011) , W II and W III ions and as well of a critical evaluation of decay rates for electric dipole and also forbidden transitions in W I, W II and W III (Quinet et al 2010) .
Computations
The ideal way to obtain transition probabilities in an atom or ion is to combine accurate lifetime measurements with branching fraction determinations (using experimental or theoretical methods). In practice, however, the experiment is able to provide a limited number of results and needs to be superseded by computational approaches. The reliability of the theoretical models has to be established by comparison with reliable experimental data or with theoretical data obtained in a completely independent way. In the latter case, convergence of the two sets of results helps to assess their reliability. Useful information about the choice of the model can be provided eventually by isoelectronic comparisons with neighbouring ions. This approach was followed here. In a previous work, in the nearby isoelectronic ion Ta III , excellent agreement was obtained between HFR+CPOL lifetimes (for a description of the method see Cowan (1981) and Quinet et al (1999) ) and the accurate experimental values measured for 5d 2 6p states by the timeresolved laser-induced fluorescence (TR-LIF) spectroscopy. We have adopted the same physical model here considering a set of 43 configurations (5d  3 , 5d  2 6s, 5d6s  2 , 5d  2 6d, 5d6p  2 ,  5d6d  2 , 5d5f  2 , 5d6f  2 , 5d6s6d, 5d6p5f, 5d6p6f, 5d5f6f, 6s  2 6d,  6s6p  2 , 6p  2 6d, 6s6d  2 , 6d  3 , 6s5f  2 , 6d5f  2 , 6s6f  2 , 6d6f  2 and 5d  2 6p,  5d 2 5f, 5d 2 6f, 5d6s6p, 5d6s5f, 5d6s6f, 5d6p6d, 5d6d5f, 5d6d6f, 6s 2 6p, 6s 2 5f, 6s 2 6f, 6p 2 5f, 6p 2 6f, 6p 3 , 6p6d 2 , 6d 2 5f, 6d 2 6f, 6p5f 2 , 6p6f 2 , 5f 2 6f, 5f6f 2 ) and this model is referred to as HFR 43 throughout this paper.
In the present case, we considered for the corepolarization potential a 4f 14 erbium-like core surrounded by three valence electrons. For the dipole polarizability, we adopted the value α d = 2.50 a 3 0 , which corresponds to a W VII ionic core and was found by considering the behaviour of α d along the erbium isoelectronic sequence (Fraga et al 1976) . The cut-off radius used was the HFR mean radius of the outermost core orbital 5p, i.e. r c = 1.18 a 0 .
The ab initio calculated energy levels are generally not close enough to the experimental ones and a leastsquares fitting adjustment of the average energies (E av ), Slater 
, spin-orbit integrals (ζ nl ) and effective interaction parameters (α, β) is required. For that purpose, the experimental levels compiled by Kramida and Shirai (2009) were considered. Thus, 37 even levels belonging to the 5d 3 , 5d 2 6s and 5d6s 2 configurations were fitted with 16 variable parameters, while 68 odd levels belonging to the 5d 2 6p and 5d6s6p configurations were fitted with 19 adjustable parameters. The optimized values of these parameters are given in table 1. The mean deviations in the fitting procedure were found to be equal to 40 cm −1 for the even parity and 159 cm −1 for the odd parity. The difference between the mean deviations is essentially due to the fact that oddparity states are much more affected by intermediate coupling and configuration interaction effects than even-parity levels. Indeed, it was found that the calculated average purity of the wavefunctions in the LS coupling for 5d 3 , 5d 2 6s and 5d6s 2 even levels was equal to 75%, while the corresponding value for 5d 2 6p and 5d6s6p odd levels only reached 50%. The reliability of the HFR+CPOL method (based on a perturbational treatment of relativistic effects including the spin-orbit, mass-velocity and Darwin one-body relativistic corrections in the Hartree-Fock equations) was established by comparing the radiative parameters obtained using this approximation with the relativistic multiconfiguration DiracFock (MCDF) approach in the form described by and McKenzie et al (1980) . To do so, the latest version of the general-purpose relativistic atomic structure package (GRASP) developed by Norrington (2009) was used in the extended average level (EAL) mode. Relativistic twobody Breit interaction and quantum electrodynamics (QED) corrections such as self-energy and vacuum polarization were included in the calculations, while nuclear effects were estimated by considering a uniform charge distribution with the usual atomic weight of tungsten, i.e. 183.85 amu. The non-relativistic configurations retained in the MCDF model were chosen amongst those of the above HFR 43 model having the strongest interactions with the 5d 3 , 5d 2 6s, 5d6s 2 , 5d 2 6p and 5d6s6p configurations. More precisely, the following 16 configurations were included in the multiconfiguration expansion: 5d 3 , 5d 2 6s, 5d6s 2 , 5d 2 6d, 5d6p 2 , 5d6d 2 , 5d6s6d, 6s 2 6d, 6s6p 2 , 6s6d 2 (even parity) and 5d 2 6p, 5d6s6p, 5d6p6d, 6s 2 6p, 6p 3 , 6p6d 2 (odd parity). Moreover, in this calculation (referred to as MCDF 16 ), transition energies were replaced by experimental values when computing transition probabilities. It was verified that MCDF 16 results, obtained in both the length (Babushkin) and velocity (Coulomb) gauges, were in rather good agreement, the mean ratio A velocity /A length being found equal to 0.93 (for A 10 9 s −1 ), 1.07 (for A 10 8 s −1 ) and 1.10 (for A 10 7 s −1 ). As a consequence, only the length form results will be considered throughout the paper. In order to make a significant comparison, the same set of 16 configurations was included in a HFR model (HFR 16 ) in which a semi-empirical adjustment of the radial parameters was performed in the same way as the one carried out in the extended HFR 43 model described above.
Results
In table 2, we compare the radiative lifetimes computed using our different approaches for all experimentally known oddparity levels. It is worth noting that MCDF 16 Transition probabilities (gA) and oscillator strengths (log gf ) calculated using the HFR 43 +CPOL method described above are reported in table 3 for a set of W IV lines ranging from 93 to 238 nm. Only transitions involving energy levels below 140 000 cm −1 and with log gf −1 are listed in the table. A more detailed table is available in our database on sixth-row elements (DESIRE) at http://w3.umons.ac.be/astro/desire.shtml. Unfortunately, as already mentioned, neither experimental nor theoretical radiative decay rates have been published so far for this ion. Nevertheless, in view of the discussion made in the previous section, the results obtained in this work are expected to be reliable in particular for the most intense lines for which the estimated accuracy is probably better than 10-15%. Laboratory measurements are, however, strongly needed to confirm this assessment.
Forbidden lines also play an important role in plasma diagnostics because the corresponding radiation intensities are often very sensitive to electron temperature and density. Therefore, wavelengths and transition rates for such forbidden lines in various ionization stages of tungsten must be determined with high confidence. In table 1, we present transition probabilities computed with our HFR 43 +CPOL model for selected magnetic dipole (M1) and electric quadrupole (E2) lines in W IV. When the two types of radiation contribute to the intensity of a line, the sum of both A-values is given.
Conclusion
Transition probabilities and oscillator strengths are reported for the first time for allowed and forbidden lines in a W IV ion. Their reliability has been assessed by the comparison of HFR+CPOL and MCDF results and the reasonable convergence of the two sets of results. It is shown that the neglect of core-polarization effects can lead in this ion to lifetimes too short by about 15-20%. HFR 43 +CPOL lifetimes appear systematically longer than HFR 43 values, while HFR 16 and HFR 43 results agree generally well. Experimental lifetimes or transition probabilities in this ion would be most welcome to definitely assess the accuracy of this set of results and, eventually, to refine the present model.
